Saleh and Bonnet [Fechner Day 98, p. 344] have shown that, upon parafoveal stimulation and up to 6.5 c/deg, reaction time (RT) is a function of grating contrast multiplied by grating period. The present experiments extend these findings to foveal stimulation within a wider spatial-frequency (SF) range and to stimuli of different duration. Both RT and latency of visually evoked potentials (VEP) were measured. The findings might be explained by the following assumption: Most RT and VEP latency variations across the SF range are a result of local intensity factors (retinal contrast and width of grating bars). Residual RT variations were found that might be due to processing of high SFs by slower mechanisms than those processing low and medium SFs. Ó
Introduction
Reaction time (RT) to gratings increases both on increasing grating spatial frequency (SF) and on reducing grating contrast (e.g. Barr, 1986; Breitmeyer, 1975; Felipe, Buades, & Artigas, 1993; Lupp, Hauske, & Wolf, 1976; Thomas, Fagerholm, & Bonnet, 1999; Vassilev & Mitov, 1976) . The RT increase involves peripheralsensory and central components rather than motor components as suggested by recordings of human visually evoked potentials (VEP) (Hartwell & Cowan, 1993; Jones & Keck, 1978; Parker & Salzen, 1977; Vassilev & Strashimirov, 1979) . These findings are relevant to the known dynamics of recognition of natural objects going from coarse to fine details i.e. ''seeing the forest before the trees'' (Parker, Lishman, & Hughes, 1992; Schyns & Oliva, 1994; Seyler & Budrikis, 1959) . Within the Fourier spectrum of an image, global features are represented by low SFs while the details are represented by high SFs. Furthermore, in most images of the natural environment, the low SF components are of higher contrast than the high SF components (Field, 1987) . Thus, in the case of everyday vision, both SF and contrast contribute to the faster processing of global image features than of local features (Hughes, Nozawa, & Kitterle, 1996) . The coarse-to-fine order of processing spatial information also takes place if the images are normalized so that each SF component contributes with the same energy (Schyns & Oliva, 1994) .
While the sequential processing from low to high SFs seems to be a well-established empirical finding (e.g. Watt, 1987) , its mechanisms are still unclear. Two classes of models attempt to explain it, multiple-channel models and single-channel models. The multiple-channel models are based on the evidence (Campbell & Robson, 1968; Graham, 1985; Graham & Nachmias, 1971; Olzak & Thomas, 1986 ) that grating detection is mediated by multiple band-pass selective pathways. It has been assumed (e.g. Breitmeyer, 1975; Harwerth & Levi, 1978; Vassilev & Mitov, 1976; Vassilev & Strashimirov, 1979) that the sequential processing from low to high SFs is due to differences in the processing and transmission speed along pathways that are selectively sensitive to low and high SFs, the so-called (Kulikowski & Tolhurst, 1973) transient and sustained channels. Both RT experiments with stimuli of near-threshold contrast Vision Research 42 (2002) [851] [852] [853] [854] [855] [856] [857] [858] [859] [860] [861] [862] [863] [864] www.elsevier.com/locate/visres (Tolhurst, 1975) and detection experiments (Legge, 1978; Nachmias, 1967) have demonstrated a transient type of activity at low SF and a sustained type of activity at high SF. Arguments in favor of single-channel models have also been presented (Parker & Salzen, 1977; Rudd, 1988) and recent experiments (Thomas et al., 1999) have supported this class of models. Thomas et al. (1999) studied the effect of SF uncertainty on RT. The trial-by-trial variation of a given stimulus parameter is known to affect stimulus detection if performed by different channels. Contrary to the multiple-channel model, Thomas et al. (1999) have found no SF uncertainty effect on RT or RT distribution. The mean RTs were fitted by a single channel model driven by a low pass filter. In the model, RT is represented by a Pi e eron function of grating contrast, C, and sensitivity, S ðSFÞ :
where a, b and k are constants. It has been also shown (Saleh & Bonnet, 1998) that the term S ðSFÞ in Eq.
(1) can be substituted by the grating period, i.e. the width of grating bars. This allows for the formulation of a strong testable prediction: If the product of grating contrast and period is constant, RTs should be constant too. For the sake of convenience, such gratings will be named RT-equivalent gratings here. The equivalence should result in describing RT over a range of SF and contrast values as a single power function of the product of grating contrast and period. The model has been tested in the low and middle SF ranges only and with grating patches presented parafoveally. In both the (Saleh & Bonnet, 1998; Thomas et al., 1999) experiments, the highest SF was 6.5 c/deg. The stimuli were grating patches presented randomly on the left or right at 3°from the fixation mark and choice RT was measured (left versus right). Most available RT data are, however, obtained upon central presentation and a substantial RT increase is only seen at SFs above 5-8 c/deg, i.e. above the highest SF at which the model has been tested. The primary aim of the present paper was to extend the experiments of Saleh and Bonnet (1998) to foveal vision and to higher SFs.
VEP delays at high SF are usually explained by the same mechanisms as the changes in RT. It was, therefore, tempting to see whether the model describes the VEP latency as well and whether the RT-equivalent gratings are VEP equivalent too. The answers to the above questions were sought in Experiment 1 below. As a first approximation, the data supported the model. There were, however, deviations from the model that might be related to processing of low and high SFs by separate visual pathways. As far as the multiple-channel models incorporate the transient-sustained dichotomy, Experiment 2 was aimed at comparing the temporal integration properties of the assumed pathways.
Methods

Experiment 1
Stimuli
The stimuli were vertical sinusoidal gratings generated by a computer IMCO and an interface (Manahilov, 1995) on the screen of a Tektronix 608 X-Y display with white phosphor (P4). Frame rate was 200 Hz and the mean luminance was 30 cd/m 2 . Stimulus SF was 0.5, 2, 5, 8, 10, 12 or 16 c/deg. Stimulus duration was 100 ms during both RT and VEP recording. The nominal grating contrast could take any one of eight predetermined levels within the 2.5-50% range. In the present paper we distinguish between nominal and retinal contrast. ''Nominal'' is the contrast, produced on the screen by 1 cycle/screen square-wave grating. Luminance was measured by a Tektronix J6523-2 1 deg narrow angle
is the contrast at a given SF after being attenuated by the monitor and eye optics modulation transfer functions, MTF m , and MTF e , at this SF. MTF m was calculated by the procedure described by Morgan and Watt (1982) for the spot size in the producer's catalogue (0.26 mm) and the viewing distance of 114 cm (see the discussion and control experiment on MTF m in Section 3.1). MTF e was the average MTF e at the pupil size of 4 mm (the average pupil size of our subjects during the experiments) as published by Campbell and Gubisch (1966) .
Visually evoked potentials recording
VEPs were recorded from Oz and two lateral points located 4 cm to the left and to the right of Oz. The reference electrode was positioned on both mastoids and the ground electrode was on Fp. The signal was bandpass filtered (1-3000 Hz), amplified and recorded at a sampling interval of 2.5 ms by a BIOPAC system MP100WSW connected to a microcomputer. A threepoint Laplacian was calculated online as the doubled potential at Oz minus the sum of the potentials at the lateral electrodes and off-line low-pass digitally filtered at 50 Hz. Hjorth (1975) has shown that the Laplacian analysis increases the signal-to-noise ratio, is independent of the reference electrode, and, by sensing the local curvature of the electric potential field, attenuates the contribution from remote sources. It also enhances the early waves while attenuating the late waves. The stimuli were presented in blocks of 12 at varying interstimulus intervals (700-1400 ms) in order to avoid time-locked EEG oscillations. Averaging included the last 10 records within a block. Due to technical limitations (a single trigger signal), stimulus SF and contrast were constant within a block. At each combination of SF and contrast, 10-50 sweeps were averaged in a daily session. The number of sweeps depended on the signal-to-noise ratio expected on the basis of pilot experiments.
Reaction time measurement
The subjects started each trial by pressing a key with the left hand. This produced a click and 800 ms later a grating might appear with a probability of 0.5. The fixed interval between the click and stimulus is usually used to reduce effects of variability in attention and readiness on RT. Gratings and blanks were randomly intermixed.
The response to grating onset was to be given as soon as possible by pressing another key with the right index finger. RT was measured at a resolution of 1 ms by the same computer that controlled the stimulation. The first three daily sessions were considered a practice period and were not included in the data analysis. Each daily session consisted of seven blocks of trials. Within a block, grating contrast either varied on each trial randomly (contrast uncertainty condition) or was fixed (contrast certainty condition). A block was automatically terminated on presentation of 10 stimuli with contrast uncertainty or on presentation of 11 stimuli with contrast certainty at each of eight contrast levels. In the fixed-contrast trials, the first of each group of 11 stimuli indicated the grating contrast of the group and RT to it was discarded from further processing.
A daily session was devoted to one of three types of experiments: VEP recording, RT measurement with contrast uncertainty or RT measurement with contrast certainty. The three types of sessions were interleaved. RTs of 70 trials and VEP latencies of two to six daily sessions were averaged.
Experiment 2
This experiment was aimed at studying the effect of stimulus duration on RT and VEP. It repeated Experiment 1 in all details except for the following: (1) Stimulus duration was either 10 or 100 ms. These two values of stimulus duration were selected as suitable to reveal the differences between the temporal integration properties of transient and sustained mechanisms (Legge, 1978; Vassilev, Mitov, & Strashimirov, 1980) . (2) As far as the use of stimuli of two durations increased the number of trials, gratings of three only SFs, 0.5, 5 or 12 c/deg were used and grating contrast took three levels, 20%, 30% or 50%. We varied grating contrast in addition to varying its SF and duration because of the expected effect of grating contrast on perceptual (Ejima & Othani, 1987; Georgeson, 1985) and VEP (Vassilev et al., 1980) integration time. (3) Both RT and VEP were recorded within a trial. Within each block, 15 stimuli of the same SF, contrast and duration were presented. A daily session included 18 blocks (3 SFs Â 3 contrast Fig. 2 . The dependence of reaction time (RT, upper curves) and VEP latency (lower curves) on grating contrast. Grating SF is a parameter. The abscissa is grating nominal contrast. The RT data were collected in contrast-uncertainty series. Here and in all next figures where present, vertical bars--the 95% confidence intervals of the means. Data of all four subjects. levels Â 2 durations). Five sessions were run with each subject thus allowing the collection of 75 RTs and five daily averaged VEPs at each combination of stimulus parameters.
Subjects
Six emmetropic subjects, 20-27 years old, took part in the experiments. Their visual acuity was 5/5 or higher. All subjects were given training in RT experiments. All, except MM, who was also an author, were naive as to the aim of the study. Four subjects participated in experiment 1. Due to personal time limits, RT with subject MT was only measured in contrast-uncertainty blocks. Two new subjects and two participants in experiment 1 took part in experiment 2. The significance of effects was evaluated by ANOVA.
Results and discussion
Experiment 1
Examples of VEPs recorded at all SF and contrast levels tested are presented in Fig. 1 . As explained in Section 2.1.2, these are one-dimensional Laplacians derived from three occipital electrodes. The aim of this illustration is to show the wave, the latency of which was measured. It was of negative polarity (a sink at Oz) and it was also the first wave, the peak latency of which could be reliably measured. Fig. 2 represents RTs obtained in series with contrast uncertainty as well as the VEP latencies as functions of grating nominal contrast. RTs are the upper groups of data and VEP latencies are the lower groups of data in each graph. SF is the parameter. Fig. 3 presents the RT data obtained in series of fixed contrast. Since the RT is affected by contrast uncertainty , the RTs obtained in these two types of series are presented separately. The data of Figs. 2 and 3 confirm the numerous previous findings that RT and VEP latency increase on increasing stimulus SF and on decreasing stimulus contrast. They also confirm the reported stronger dependence of RT than of VEP latency on grating SF and contrast (Hartwell & Cowan, 1993; Mihaylova, Stomonyakov, & Vassilev, 1999; Musselwhite & Jeffreys, 1985; Parry, Kulikowski, Murray, Kranda, & Ott, 1988) .
The data from Figs. 2 and 3 are replotted against retinal contrast times grating period in Figs. 4 and 5, respectively. In Fig. 4 , the lower groups of experimental points are VEP latencies and the higher groups of points are RTs. The data points are fitted by functions of the type where Y is either RT or VEP latency, a, b and k are constants, C R is retinal contrast and P is grating period. The same tendency was observed for the VEP latencies but the differences reached the 95% level of significance with only one subject and were always of smaller magnitude. Averaged across subjects, the VEP latency asymptotic level was 7.8 ms higher and the averaged RT asymptotic level was 38 ms higher at 12 c/deg than at 5 c/deg. The values of the free parameter (a in Eq. 2) and the statistical levels of significance of the differences between its values at 5 and 12 c/deg are presented in Table 1 .
Some deviations from the model might be due to underestimation of contrast attenuation by the monitor and/or eye optics. We applied the following procedure to check the calculated MTF m values. Contrast thresholds of gratings of the same retinal SF but different screen SFs were measured at two viewing distances: close to the monitor (114 cm) and far away (270 cm). Two subjects (19 and 27 years old) of high visual acuity (1.5) took part in these measurements. Viewing was through an artificial pupil, 2 mm in diameter and the surround of the screen was dark. The ratio of thresholds measured at a number of retinal SFs at the two viewing distances allowed for estimation of attenuation by the monitor. The MTF m thus obtained was inferior to that calculated by some 0.04 log units at 16 c/deg and by some 0.027 log units at 12 c/deg. We consider the error to be too small to account for the different Pi e eron functions at 5 and 12 c/deg. We were unable to measure MTF e of our subjects but their high visual acuity rejects the assumption of essential differences with the data of Campbell and Gubisch (1966) . Therefore, we assume the existence of a small SF specific effect on RT.
One of the questions posed in Section 1 is whether the RT-equivalent gratings are also gratings that yield equal VEP latencies and vice versa. To answer this question at the widest available range of SFs, we selected such VEP latencies that were equal to the shortest latency at 16 c/deg. Fig. 8 illustrates VEPs recorded with pairs of SF and contrast values that yielded approximately equal VEP latencies. Fig. 9 represents RTs of all subjects to such stimuli. The upper graph represents RTs obtained in series of contrast uncertainty and the lower graph represents RTs obtained in series of contrast certainty. Within the 8-16 c/deg range, RTs turned out indeed to be nearly constant if the VEP latencies were constant. However, RT at 5 c/deg was shorter than expected on the basis of equality of VEP latencies. Thus, the rule ''equal VEP latencies--equal RTs'' was found to be valid within the range of SFs higher than 5 c/deg only. No comparable data below 5 c/deg were available: the longest latencies at these SFs were shorter than the shortest latency at 16 c/deg. The equivalence in the 0.5-5 c/deg range could not be examined due to the small number of sample SFs.
Experiment 2
In Experiment 2 RT and VEP were recorded with gratings of two exposure durations: 10 and 100 ms. The results are shown in Figs. 10 and 11. It is seen from Fig.  10 that VEP latencies (the lower groups of curves in each graph) were essentially the same regardless stimulus duration, 10 or 100 ms, at all SF and contrast levels. Within the range tested, no statistically significant effect of stimulus duration on VEP latency was found. Concerning RT, the existence of duration effect depended on grating SF. At 0.5 and 5 c/deg, RT was not affected significantly by stimulus duration with two subjects and was shorter at 10 ms than at 100 ms with subjects LV (F ð1; 435Þ ¼ 32:6; p < 0:001) and MM (F ð1; 435Þ ¼ 37:5; p < 0:001). Assuming stimulus duration to positively affect its efficiency, the RT data of subjects LV and MM are surprising and have no explanation at present. (One possibility is the speeding up of response by grating offset at the exposure time of 10 ms. We have no data to accept or reject it.) At 12 c/deg, there was a systematic effect of stimulus duration on RT: higher values were found at 10 ms than at 100 ms ðF ð1; 3Þ ¼ 12:05; p ¼ 0:04Þ with all subjects when grating contrast was 20% or 30% and with two out of four subjects at 50% contrast. Thus, only at 12 c/deg was the stimulus presence beyond 10 ms utilized to yield shorter RTs.
Moreover, temporal integration clearly depended on grating contrast as suggested by the reduced or nil RT difference at the highest contrast even at 12 c/deg. The interaction between factors duration and contrast at 12 c/deg was significant ðF ð2; 6Þ ¼ 18:8; p ¼ 0:003Þ. A failure of temporal integration might be simply due to saturation, i.e. the minimum RT (''the irreducible RT'') might have already been reached at the lowest contrast and the shortest exposure time tested. Saturation cannot be excluded at 0.5 c/deg. RT at this SF was little affected by the contrast level both at 10 and 100 ms. RT to gratings of 5 c/deg was, however, reduced if the contrast was increased above the 20% level at stimulus duration of 10 ms while temporal integration failed thus suggesting processing by a transient mechanism.
Data about the temporal integration properties of the underlying mechanisms were also obtained by an analysis of VEP amplitudes. The results are presented in 11 . Unlike VEP latency, VEP amplitude was systematically affected by the increase of stimulus duration at 12 c/deg. VEP amplitude was higher at 100 ms than at 10 ms stimulus duration ðF ð1; 3Þ ¼ 20:75; p ¼ 0:02Þ. At 0.5 c/deg, the magnitude of response was little affected by both grating contrast ðF ð2; 4Þ ¼ 1:5; p ¼ 0:32Þ and duration ðF ð1; 2Þ ¼ 0:7; p ¼ 0:5Þ, a result suggesting, like the RT data, saturation within the range tested. At 5 c/deg, the amplitude was raised by grating contrast increase ðF ð2; 6Þ ¼ 9:35; p ¼ 0:014Þ but not by grating duration ðF ð1; 3Þ ¼ 0:3; p ¼ 0:63Þ. Such a result suggests a failure of temporal integration which contrasts temporal integration at 12 c/deg. Thus, the analysis of VEP amplitudes clearly indicates that the neural activity evoked by low and middle SF gratings differs in temporal integration properties from that responding to high SF gratings.
The restricted range of contrast and duration values did not allow for the measurement of stimulus integration time and its dependence on stimulus contrast. Concerning RT, such measurements have been performed recently (Mitov, 1999; Totev & Mitov, 2000) . The data support the sustained/transient dichotomy at near-threshold contrast levels and suggest that a single mechanism (the transient mechanism) determines RT at high contrast levels.
General discussion
The aim of the present study was to evaluate the contribution of different mechanisms to the dynamics of visual perception which is typically characterized by sequential processing from low to high SFs. In experiment 1 the finding of Saleh and Bonnet (1998) that RTs to gratings of various stimulus SF and contrast converge on a single Pi e eron function if plotted against the product of grating contrast and period was extended to foveal vision and higher SF. In the present paper, retinal contrast rather than nominal contrast was an independent variable. The results suggest that most RT variations across the SF and contrast range tested are related to the intensity factors retinal contrast and grating period. There were, however, deviations from the model that were the object of experiment 2 and shown to be related to operation of visual mechanisms of different temporal properties at low and high SF. Saleh and Bonnet (1998) assumed that the RT dependence on the grating contrast and period is of the same origin as the RT dependence on the product of luminance and area of non-periodic stimuli (Bonnet, Gurlekian, & Harris, 1992; Saleh & Bonnet, 2000) . In the case of non-periodic stimuli, the RT decrease by either enlarging stimulus area or increasing its luminance has been attributed to the probabilistic nature of neural activity. It has been assumed that enlarging stimulus area increases the number of elements (photoreceptors in the original assumption) activated thus reducing the time interval after stimulus onset during which at least one element reaches a criterion level of activity (Bonnet et al., 1992) . This explanation cannot be, however, readily extended to grating stimuli. When grating SF was varied, the width and number of bars varied in opposite directions thus keeping constant the overall areas of luminance increment and decrement. Therefore, the convergence of most data points on single Pi e eron functions remains an empirical finding that lacks an explanation at present. The comparison with nonperiodic stimuli would be only justified if RT does not depend on the number of cycles in a grating, i.e. if RT is determined by a single bar only. This would mean that purely local intensity factors determine the bulk of RT increase at high SF and would challenge most previous models of the RT-SF relationships. There are data supporting such an assumption. According to Fagerholm (1996) , varying grating width in the range from 3 to 27 cycles has no effect on RT. RT to gratings of smaller number of cycles, as well as the interaction between grating size and contrast, remain, however, to be examined.
Assuming that VEP latency is a measure of peripheral delay and that the peripheral motor RT component is constant, the comparison of RT with VEP latency allows for the separate evaluation of speed of peripheral and central processing of different SFs . According to the present data the peripheral delay at high SFs is almost entirely due to local intensity factors. A small fraction of SF-specific delay (less than 10 ms in the range tested) might, however, exist. It should be searched within wider contrast range than that available in the present study. Its existence is suggested by the tendency of a higher asymptotic level at high SFs. Furthermore, a model study of Beaudot, Oliva, and H e erault (1995) has shown that the delay in neural response at high SFs might occur as early as in the retina.
An intriguing finding is that, at SF higher than 5 c/deg, RT is constant irrespective of SF if VEP delay is constant. However, the same VEP delay is accompanied by a shorter RT at 5 c/deg and, probably, below that SF. This suggests that the neural signals that reach the central nervous system at the same instant are processed at a lower speed if evoked by stimuli of high SFs. Concerning the single-channel and multiple channel models of delay in processing high SFs, the present study suggests that they complement each other. This inference follows from the following findings: (1) The generally good description of the RT and VEP latency data across the SF and contrast range tested by single Pi e eron functions; (2) the deviations, although small from such functions; (3) the fact that (again within the stimulus parameters tested) the amplitude of the early VEP wave is increased by stimulus duration at high SF and not at low SFs. Point 3 supports the assumption that low SFs are processed by transient mechanisms and high SFs are processed by sustained mechanisms. Points 1 and 2 suggest that the contribution of the assumed transient/sustained dichotomy to the RT increase at high SFs is relatively small in comparison with the effect of local intensity factors.
Support of both models could be found in the neurophysiological literature. Here we mention some of the numerous relevant single unit studies. Neurones in cat corpus geniculatum (Podvigin, Cooperman, Glezer, & Chueva, 1973) and macaque visual cortex (Bredfeldt & Ringach, 2000) exhibit dynamic SF tuning. According to both studies, the peak sensitivity shifts to higher SFs over time thus yielding neuronal representations in the order from low to high SFs by the same cellular population. On the other hand, the existence of parallel pathways in the visual system is well documented (reviewed by Lennie, 1980; Merigan & Maunsell, 1993; etc.) . Latency measurements in the magnocellular (M) and parvocellular (P) recipient layers of monkey visual cortex (Nowak, Munk, Girard, & Bullier, 1995) as well as recordings after selective lesions of the M or P layers in the lateral geniculate body (Maunsell & Gibson, 1992) have shown that the M signals are transmitted earlier to the cortex than the P signals. Assuming a preferential sensitivity of the M pathway to low SFs and of the P pathway to high SFs (e.g. Breitmeyer & Williams, 1990) , these data support the multiple channel model of delay at high SF.
Addendum: on the preretinal (optical) factors
In the present paper, MTF e and MTF m were taken into account as factors determining RT lengthening and VEP delay at high SFs. It is common practice to assume these factors are compensated for if grating contrast is at the same level above the detection threshold or of the same subjective contrast. Both approaches are questionable. First, part of the changes in sensitivity are indeed due to optical factors, thus one might conclude that contrast reduction by the optics is compensated for if the gratings are of the same detectability. However, detectability is not simply related to retinal contrast as evident from the difference in MTF e and the contrast sensitivity function (e.g. Campbell & Gubisch, 1966; Robson, 1966) . In fact, RT, VEP latency and contrast detection threshold behave differently on varying stimulus parameters and are differently affected by flicker masking (Stomonyakov & Vassilev, 1996) . Second, the subjective contrast approach is challenged by several findings. Contrast experience has a longer saturation time than RT and VEP amplitude (Czigler & T€ o olgyesi, 1980) . Subjective contrast is a result of both retinal contrast and a complex gain control process that compensates for earlier attenuation (Georgeson & Sullivan, 1975) . The existing literature (e.g. Kitterle & Corwin, 1979; Legge, 1978) suggest that compensation involves temporal integration of varying duration at different SF and contrast levels, interactions that compromise the approach.
As far as we know, the present paper is the first attempt to plot RT and VEP latency as functions of retinal contrast (and period). It might be objected to for reasons of possible errors in calculating the pre-retinal contrast attenuation. In view of the mechanisms outlined above, we assume the present approach to be a better compromise. The good fit of data, particularly of the VEP latency data, supports this conclusion. 
